. SAB expression in male mice determines the susceptibility to APAP-induced liver injury in a JNK-dependent fashion. WT C57BL/6N male mice received Ad-lacZ or Ad-SAB. (A) Fourteen days later, SAB expression was analyzed by immunoblotting, and (B) APAP (150 mg/kg) was given i.p., and H&E staining was performed and serum ALT levels were determined after 24 hours. Original magnification, ×10. Scale bars: 100 μm. n = 3/group. ALT: *P < 0.05 versus Ad-lacZ-injected Sab iΔHep mice, by unpaired, 2-tailed Student's t test. Data are presented as the mean ± SD. (C) Sab fl/fl or Sab iΔHep mice received 0.05 5 × 10 9 to approximately 5 × 10 9 IU Ad-lacZ or Ad-SAB. Fourteen days later, SAB expression was determined by immunoblotting. Immunoblot is representative of 3 separate experiments. n = 3/group. *P < 0.05 versus Sab iΔHep + Ad-lacZ, by 1-way ANOVA with Bonferroni's correction. Data are presented as the mean ± SEM. (D) Mice received APAP (300 mg/kg, i.p.), and 24 hours later, liver sections were stained with H&E, and the necrotic area (percentage) was measured. Serum ALT (± SEM) (U/L) was measured. Scale bars: 100 μm. n = 3 mice/group. ALT: *P < 0.05, versus Ad-lacZ-injected Sab fl/fl mice; **P < 0.05, versus Ad-lacZ-injected Sab iΔHep mice, by unpaired, 2-tailed Student's t test. Data are presented as the mean ± SD. (E and F) Jnk1/2 fl/fl mice received AAV8-TBG-GFP (n = 3), AAV8-TBG-Cre (n = 5), or AAV8-TBG-Cre plus Ad-SAB (n = 3). Fourteen days later, JNK and SAB expression levels were determined by immunoblotting, or mice were treated with APAP to analyze liver injury and serum ALT levels. Scale bars: 100 μm. ALT: *P < 0.05, versus AAV8-TBG-GFP, by unpaired, 2-tailed Student's t test. Data are presented as the mean ± SD.
Introduction
JNK signaling is important in liver injury scenarios (1) (2) (3) (4) (5) (6) (7) (8) and appears to involve the interaction of activated JNK and an outer mitochondrial membrane target, SH3 domain-binding protein 5 (SAB, also known as SH3BP5) (9) . This interaction has been extensively studied in the acetaminophen (APAP) hepatotoxicity model (10, 11) , as well as in other models (12) (13) (14) . A marked sex difference in susceptibility to toxicity has been well documented in APAP-treated mice (female resistance), but the mechanism for this sex difference is not fully understood (15) (16) (17) . We hypothesized that this sex difference may not be unique to APAP and may be indicative of a sex difference in the contribution of JNK-SAB interaction.
The mechanism of APAP hepatotoxicity involves the conversion of a small proportion of APAP to a toxic intermediate, NAPQI, which initially depletes glutathione (GSH), leaving unprotected protein thiols that undergo covalent binding, especially in mitochondria. This impairs mitochondrial function to an extent sufficient to release ROS, which activate the MAPK cascade leading to JNK activation (18) . JNK then binds to and phosphorylates SAB on the outer membrane. SAB then releases a protein phosphatase (PTPN6) bound to the intermembrane face of SAB, leading to its interaction with phosphorylated SRC (p-SRC) (active), facilitated by the inner-membrane platform protein DOK4. p-SRC is then inactivated, leading to inhibition of mitochondrial electron transport (which requires activated SRC) and increased ROS release, sustaining JNK activation and amplifying ROS exposure in mitochondria (11, 12) and ultimately leading to necrosis through the mitochondrial permeability transition (MPT) pore (19, 20) . Pivotal in this context is the maintenance of sustained JNK activation. This pathway, referred to as the JNK/SAB/ROS activation loop, is also important in the mechanism of TNF-induced apoptosis of hepatocytes sensitized by treatment with D-galactosamine (GalN) in vivo or actinomycin D (ActD) in vitro (10, 11) . In this circumstance, sustained JNK activation modulates the BCL family of gatekeepers of outer mitochondrial membrane permeability by activating BID, BAX, BIM, and PUMA and inactivating BCL-X L and MCL-1 (21) (22) (23) (24) (25) (26) . We previously showed that hepatocyte-specific SAB deletion in male mice prevented sustained JNK activation and liver injury in the APAP-and GalN/TNF-induced liver injury models. Since an earlier study showed no sex difference in total hepatic JNK1 and JNK2 and decreased sustained JNK activation in female mice in an APAP injury model (17) , we hypothesized that sex-dependent regulation of SAB expression may account for the SH3 domain-binding protein that preferentially associates with Btk (SAB) is an outer-membrane docking protein for JNKmediated impairment of mitochondrial function. Deletion of Sab in hepatocytes inhibits sustained JNK activation and cell death. The current study demonstrates that an increase in SAB expression enhanced the severity of acetaminophen-induced (APAP-induced) liver injury. Female mice were resistant to liver injury and exhibited markedly decreased hepatic SAB protein expression compared with male mice. The mechanism of SAB repression involved a pathway from ERα to p53 expression that induced miR34a-5p. miR34a-5p targeted the Sab mRNA coding region, thereby repressing SAB expression. Fulvestrant or p53 knockdown decreased miR34a-5p and increased SAB expression in female mice, leading to increased injury from APAP and TNF/galactosamine. In contrast, an ERα agonist increased p53 and miR34a-5p, which decreased SAB expression and hepatotoxicity in male mice. Hepatocyte-specific deletion of miR34a also increased the severity of liver injury in female mice, which was prevented by GalNAc-ASO knockdown of Sab. Similar to mice, premenopausal women expressed elevated levels of hepatic p53 and low levels of SAB, whereas age-matched men expressed low levels of p53 and high levels of SAB, but there was no difference in SAB expression between the sexes in the postmenopausal stage. In conclusion, SAB expression levels determined the severity of JNK-dependent liver injury. Female mice expressed low levels of hepatic SAB protein because of the ERα/p53/miR34a pathway, which repressed SAB expression and accounted for the resistance to liver injury seen in these females.
Expression of mitochondrial membrane-linked SAB determines severity of sex-dependent acute liver injury C56BL/6 mice (27, 28) , our first objective was to confirm that the previously reported resistance to APAP toxicity in the female C57BL/6J strain also extends to the C57BL/6N strain. The N substrain females had markedly decreased histologic necrosis and alanine aminotransferase (ALT) levels compared with littermate males (Figure 1A) , accompanied by decreased sustained p-JNK activation and mitochondrial translocation but no sex difference in total JNK expression ( Figure 1C ). Furthermore, we confirmed prior reports that there is no sex difference in basal hepatic GSH levels or GCLC expression (Supplemental Figure 1, A and B) . Fur-sex difference in susceptibility to acute liver injury. More important, if this were to be the case, it would provide a unique opportunity to examine the regulation of SAB expression for the first time and to determine the importance of SAB expression levels in the susceptibility to and severity of acute liver injury.
Results
Resistance of female mice to acute liver injury is associated with low SAB expression levels. Since liver injury induced by APAP is known to be more severe in the N substrain than in the J substrain of Ten-to twelve-week-old C57BL/6N WT male and female littermates were fasted overnight and treated. Serum ALT levels were measured and H&E staining was performed 24 hours after APAP (300 mg/kg) treatment. ALT levels were measured and H&E, and TUNEL staining was performed 6 hours after treatment with GalN (800 mg/kg) and TNF (12 μg/kg). Scale bars: 100 μm. n = 5 mice/group. *P < 0.05 versus male mice, by unpaired, 2-tailed Student's t test. Data are presented as the mean ± SD. (C) Liver cytoplasm and mitochondria from male and female littermates were isolated by differential centrifugation after PBS treatment or 2 or 4 hours after APAP treatment. (D) Liver cytoplasm and mitochondria from male and female littermates were isolated by differential centrifugation after PBS treatment or 1 or 2 hours after GalN/PBS or GalN/TNF treatment. *P < 0.05 versus male, by 1-way ANOVA with Bonferroni's correction. Data are presented as the mean ± SEM. Protein extract (30 μg) from cytoplasm or mitochondria was loaded for immunoblot analysis using anti-p-JNK, anti-JNK, anti-p-SRC (active), and anti-c-SRC. GAPDH (cytoplasm) and PHB1 (mitochondria) were used as loading controls. Representative immunoblots are from 3 separate experiments. n = 5 mice/group. P, PBS. jci.org Volume 129 Number 12 December 2019
tal Figure 1F ). We found that cell-autonomous killing of primary mouse hepatocytes (PMHs) by APAP and ActD/TNF was significantly greater in males than in females (Supplemental Figure 1 , H and I). In addition, using PMHs, we examined 2 other models in which toxicity is JNK and SAB dependent, i.e., tunicamycininduced (severe endoplasmic reticulum stress) ( Supplemental Figure 1K ) and palmitic acid-induced (Supplemental Figure 1J ) apoptosis, and we observed a significant decrease in PMH death among female mice compared with male mice. In addition, we found no sex difference in basal expression of GRP78, PERK, ATF6, IRE1α, ATF2, c-JUN, MCL-1, or BCL-X L (Supplemental Figure 2 ). The results for both APAP and GalN/TNF models of acute injury showed marked suppression of both p-JNK translocation to mitochondria and sustained p-JNK activation in the cytoplasm in female mice. The cause of sustained of p-JNK is release of ROS from mitochondria due to the intramitochondrial signaling pathway that leads to the dephosphorylation of p-SRC in the mitochondrial intermembrane space (11) . Therefore, we examined the sex difference in terms of mitochondrial SRC inactivation, which was also blunted in both injury models in females ( Figure 1 , C and D). This suggested that mitochondria in female mice are resistant to the effect of p-JNK. To support this idea, we measured the direct inhibitory effect of p-JNK on normal mitochondrial respiration. As we report-thermore, the reported and confirmed greater recovery of GSH in females at 4 hours (Supplemental Figure 1A ) corresponded with decreased p-JNK and injury ( Figure 1 ). GCLC protein levels did not increase or decrease in female mice but rapidly declined in male mice before significant necrosis occurred (Supplemental Figure  1C ), as we reported previously in male mice (29) . Furthermore, we observed no sex difference in the rate of GSH recovery following depletion by nontoxic phorone (Supplemental Figure 1F ), indicating no intrinsic sex difference in GSH synthesis. In addition, as reported in the B6J mouse substrain, we observed no sex difference in APAP metabolism to NAPQI, as reflected in APAP protein adduct formation in the B6N substrain (Supplemental Figure 1G ). Nevertheless, because of the possibility that there may be inherent sex differences in other aspects of drug metabolism and antioxidant defense, we examined the GalN/TNF model of innate immune-mediated apoptotic cell death, which is independent of drug metabolism and GSH. Again, we observed a marked protection in female mice with respect to liver injury and JNK activation ( Figure 1 , B and D). In addition APAP induced greater dose-related (0, 100, 200, and 300 mg/kg) liver injury in male mice compared with female mice as reflected in serum ALT elevation (Supplemental Figure 1D ), and we noted a direct correlation between ALT and p-JNK 4 hours after APAP (300 mg/kg) treatment (Supplemen- Table 1 ). In each group, the male and female pairs are indicated by the same color symbol in the figure. All liver biopsy samples were histologically classified as mild, nonspecific abnormalities. SAB and GAPDH levels were determined by Western blotting and densitometry. n = 5 pairs in the premenopausal group and n = 3 pairs in the postmenopausal group. *P < 0.05 versus men, by paired, 2-tailed Student's t test. Data are presented as the mean ± SEM. ed previously, p-JNK interaction with normal mitochondria inhibits the oxygen consumption rate (OCR) in liver mitochondria from male mice (11) . In comparison, female liver mitochondria were resistant to the effect of p-JNK ( Figure 2A and Supplemental Figure 3A ). In addition, isolated mitochondria from male livers loaded with MitoSOX (detection of O 2 ) generated a significantly greater ROS response to p-JNK than was seen in females ( Figure 2B ). We detected no difference in mitochondrial GSH depletion in male versus female mice 1 or 2 hours after APAP treatment (Supplemental Figure 3B ), and the OCR was markedly impaired in the mitochondria of male mice at these time points but was unaffected in female mice (Supplemental Figure 3C ). Since we previously showed that the OCR and ROS responses to p-JNK are SAB dependent (11, 12) , we hypothesized that there is a sex difference in SAB expression. Indeed, liver mitochondria of female mice expressed SAB at less than 20% of the levels detected in their male littermates ( Figure 3D ). In addition, SAB protein levels remained constant during the estrus cycle (Supplemental Figure 3E ). Since we previously showed that Sab iΔHep male mice are resistant to the toxic effects of APAP and GalN/TNF (11), we hypothesized that the likely explanation for the resistance seen in females in these 2 models was predominantly due to the lower expression of SAB in female mice. The absence of a sex difference in expression of SAB mRNA suggested posttranscriptional regulation of SAB (see below). Importantly, we observed a similar sex difference with regard to SAB expression levels in human liver samples. Samples from men and women were matched for age and BMI, and pre-versus postmenopausal status in women was confirmed by estrogen and follicle-stimulating hormone (FSH) levels. Biopsies were performed for clinical indications so that mild ALT elevations and nonspecific histologic abnormalities were present. Samples for comparison of males and females were paired for age and sex according to menopause status. A representative immunoblot of SAB expression of matched men and premenopausal women ( Figure 2D ) and a plot of normalized expression of SAB ( Figure 2E ) demonstrated markedly lower SAB expression levels in premenopausal women but no sex difference in SAB expression between postmenopausal women and men and no change in younger versus older men.
Overexpression of SAB increases susceptibility to APAP toxicity in male mice. To test whether the level of SAB expression is a major determinant of acute liver injury, we next determined the effect of increased SAB expression using adenoviral SAB (Ad-SAB), which contains SAB cDNA (coding region) driven by the CMV promoter. In WT male mice, increasing doses of Ad-SAB resulted in higher SAB expression levels in the liver ( Figure 3A ), and this was accompanied by enhanced histologic liver necrosis and ALT levels in response to a low dose of APAP (150 mg/kg) ( Figure 3B ). In addition, an increase in Ad-SAB expression was associated with increased p-JNK 4 hours after APAP (Supplemental Figure 3F ), and this correlated with ALT levels in individual mice (Supplemental Figure 3G ). However, when we repeated this in female littermates, no increase in SAB expression was detected ( Figure 4A ), and the mice remained resistant to APAP-induced liver injury (data not shown).
To further assess the importance of SAB expression levels in determining the extent of liver injury, we induced SAB expression with increasing doses of Ad-SAB in Sab iΔHep male mice ( Figure 3C ). This restored the susceptibility to APAP necrosis (absent in Sab iΔHep mice), and led to increased APAP necrosis and serum ALT levels in relationship to increasing viral doses ( Figure 3D ). To test the possibility that SAB mediates a JNK-independent mechanism of toxicity, we assessed the effect of SAB overexpression in Jnk1/2 iΔHep mice. Inducible double-knockout of Jnk 1 and Jnk2 with AAV8-TBG-Cre in C57B6J Jnk1/2 fl/fl mice ( Figure 3E ) conferred marked protection against APAP (600 mg/kg). Since the J substrain is resistant to APAP (27, 28) , we used a high dose of APAP to ensure the protective effect of Jnk deletion ( Figure 3F ). We found that deletion of Jnk1 and Jnk2 (Jnk1/2 iΔHep ) had no effect on SAB levels ( Figure  3E ) and that concomitant overexpression of SAB (versus control) did not reverse the resistance to APAP in Jnk1/2 iΔHep mice ( Figure  3F ). Therefore, these data indicate that there is no JNK-independent mechanism for the effect of increased SAB overexpression on APAP toxicity. Thus, 2 important conclusions derive from the results shown in Figure 3 : (a) the level of SAB expression directly correlates with the extent of liver injury in response to APAP, indicating that the level of SAB expression is a key checkpoint in determining the severity of liver injury; and (b) JNK is necessary for SAB to increase susceptibility to liver injury and vice versa.
ERα inhibition reverses the resistance to SAB expression and APAP toxicity in female mice. As noted above, we attempted to reverse the resistance of female littermates by overexpressing SAB, but increasing doses of the same Ad-SAB that was used in male mice did not increase hepatic SAB levels in female mice ( Figure 4A ), nor did it increase susceptibility to APAP or GalN/TNF (data not shown). Estrogen accounts for many downstream sex differences. Estrogen effects may be dependent or independent of estrogen receptors (ERs) (30) . The ER is present in 2 isoforms: ERα and ERβ, as well as in a membrane form (GPER). ERα is the main form in liver (31, 32) and is expressed at higher levels in females than in males. Both ERβ and GPER are not detectable in liver (32, 33) . To test whether ERα plays an important upstream role in low SAB expression, we treated female mice with fulvestrant, an ER antagonist that destabilizes the ER (34, 35) . When female mice were treated with fulvestrant, the levels of ERα decreased and SAB levels increased in a fulvestrant dose-dependent fashion (2 mg/ kg; 5 mg/kg) ( Figure 4B ). PMHs after in vivo treatment with fulvestrant exhibited enhanced p-JNK activation in response to APAP (Supplemental Figure 4A ). To further clarify whether the lack of Ad-SAB-mediated expression in females is ERα dependent, we assessed the ability of fulvestrant to unmask Ad-SAB expression in females. Indeed, fulvestrant treatment in female mice before and after Ad-SAB led to increased expression of Ad-SAB in female livers ( Figure 4C ) and reversed the resistance of female mice to APAP toxicity ( Figure 4D ); the females then exhibited markedly increased histologic necrosis and ALT levels. ERα regulates p53, which increases miR34a-5p. Since miR34a-5p was a likely candidate for repression of Sab mRNA translation, we next addressed the link between ERα and miR34a-5p. Two important facts were derived from prior publications: miR34a expression is transcriptionally regulated by p53 in other contexts, and ERα is known to regulate p53 expression (38) . Therefore, we examined p53 levels in males versus females and found significantly higher levels of hepatic p53 in female liver, in both mice and premenopausal women ( Figure 5 , E and F). Thus, we found a sex-dependent inverse relationship between p53 and SAB ( Figure 1 , G and H, and Figure 5 , E and F). We therefore determined the effect of ERα agonist (PPT) treatment in male mice and ERα antagonist (fulvestrant) treatment on p53 expression in female mice. We found that hepatic p53 was increased after PPT treatment of male mice and dose dependently decreased after fulvestrant treatment of female mice ( Figure 5G ). These data confirmed the regulation of p53 expression by estrogen.
After confirming the link between ERα and p53, we assessed the effect of p53 knockdown in vivo using a p53 antisense oligonucleotide (ASO) versus a scrambled ASO control. Knockdown of p53 increased SAB expression levels in both male and female mice. Interestingly, p53 and SAB levels in females after knockdown of p53 were comparable to the basal levels in male controls ( Figure  6A ). As expected, p53 knockdown led to decreased miR34a-5p levels in both male and female littermates ( Figure 6B ), which was accompanied by increased SAB levels (Supplemental Figure 5A ). We also confirmed that p53-ASO (ASO no. 2) targeting a different locus of p53 mRNA also enhanced APAP toxicity (Supplemental Figure 5B ). As seen with SAB, the level of miR34a-5p in females after p53 knockdown was nearly identical to the basal level in the male control. Conversely, to determine whether increased p53 expression and activation would repress SAB, we treated HepG2 cells with a sublethal dose of doxorubicin (induction of p53 by DNA damage) and the HDAC inhibitor trichostatin A (increased acetyl-p53), as previously described (39) (40) (41) , and observed that SAB expression was markedly decreased after treatment, confirming that upregulation of p53 leads to downregulation of SAB (Supplemental Figure 5C ).
We analyzed SIRT1 expression, as it is known to be repressed by miR34a-5p (42) . Also, SIRT1 can deacetylate p53 and somewhat inhibit its activity (43, 44) . However, unexpectedly, we found that the basal expression levels of both SIRT1 and acetyl-p53 were greater in female mouse liver, despite the lower SAB expression ( Figure 6A and Supplemental Figure 5D ). Also, women exhibited higher hepatic SIRT1 levels (Supplemental Figure 5E ). However, despite the differences in basal levels, p53 knockdown decreased miR34a and increased SAB and SIRT1 protein expression in both males and females ( Figure 6 , A and B).
To further confirm the key role of p53 in ERα-mediated repression of SAB, we examined PMHs from male mice treated with PPT after in vivo treatment with p53-ASO. Scrambled ASO pretreatment did not alter the repression of SAB by the ERα agonist PPT ( Figure 6C ). PPT treatment of male control hepatocytes increased p53 levels, directly demonstrating regulation of p53 expression by activation of ERα ( Figure 6C ). However, p53-ASO pretreatment and efficient knockdown of p53 prevented PPT-mediated repression of SAB expression ( Figure 6C ). Importantly, p53 knockdown ERα activation decreases SAB expression and susceptibility to acute liver injury in male mice. To further define the role of ERα in the mechanism for sex difference in SAB levels, we treated male mice in vivo with a well-characterized potent and specific ERα chemical ligand activator, propylpyrazole triol (PPT), which does not activate ERβ (36, 37) . Indeed, PPT treatment for 5 days markedly decreased expression of SAB protein ( Figure 4E ) but not that of Sab mRNA (Supplemental Figure 4B ). PPT markedly protected male mice from both APAP and TNF/GalN toxicity as reflected in histologic injury and ALT levels in vivo (Figure 4, F and G) .
To further assess the cell-autonomous effect of the ERα agonist PPT, we isolated hepatocytes from males after in vivo treatment with PPT or vehicle. We then exposed the PMH cultures to APAP or ActD/TNF. In both models, PPT pretreatment in vivo with resulting SAB depletion ( Figure 4H ) protected against PMH cell death accompanied by inhibition of sustained JNK activation in response to APAP or ActD/TNF (Figure 4 , I and J). Furthermore, PPT pretreatment of male mice in vivo protected against PMH cell death due to tunicamycin (Supplemental Figure 4C ) or palmitic acid (Supplemental Figure 4D) , and decreased palmitic acid induced sustained JNK activation (Supplemental Figure 4E ). In addition, treatment of normal male hepatocytes with an ERβ agonist (DPN) or androgen receptor agonist (BMS) did not affect SAB expression (Supplemental Figure 4F ). Therefore, the findings shown in Figure 4 suggest that SAB repression is mediated by ERα and that activation of ERα consequently leads to suppression of sustained JNK activation and acute hepatic and cellular injury in males, whereas inactivation of ERα increases SAB expression and p-JNK activation in females and unmasks the ability of Ad-SAB to restore susceptibility to liver injury in females. miR34a targets Sab mRNA. As noted above, when we attempted to overexpress Ad-SAB in female mice, no increase in SAB expression was observed, and the mice remained resistant, with no increase in APAP-induced liver injury. The basal resistance of female mice to the expression of Ad-SAB strongly suggested interference with SAB expression at the posttranscriptional level. The results in male mice treated with the ERα agonist and in female mice treated with the ER degrader supported the importance of ERα in upstream regulation of SAB. Furthermore, despite the large difference in SAB protein expression, we observed no difference in hepatic Sab mRNA levels in female mice versus male mice. Taken together, the findings led us to the hypothesis that ERα, either directly or indirectly via an intermediate, may regulate the expression of a miRNA that is targeting the SAB mRNA coding region of the Ad-SAB cDNA. Therefore, we performed miRNA-Seq analysis of liver samples from untreated male and female littermates. The results are shown in Figure 5A as a volcano plot comparing littermate females with males. Three miRNAs stood out as highly significant, as reflected in greater than 3-fold higher levels in female mice. However, only 1 miRNA targets Sab mRNA, i.e., miR34a-5p, which is predicted to target the coding region ( Figure 5B) ; since Ad-SAB cDNA does not contain a 3′-untranslated sequence, we expected that a miRNA would have to target the coding region. The sex difference in miR34a-5p expression was confirmed by quantitative PCR (qPCR) ( Figure 5C ). To confirm the capability of miR34a-5p to repress SAB levels, we induced expression of miR34a-5p in HEK293 cells and observed a decrease in SAB protein expression ( Figure 5D ). jci.org Volume 129 Number 12 December 2019 We recently reported that there was an inverse relationship between acute liver injury due to APAP in male mice with p53 inhibition or knockdown, leading to increased p-JNK, and toxicity, whereas p53 activation led to decreased p-JNK and protection (45) . Therefore, we extended our studies by examining the effect did not unmask an alternative mechanism of ERα-mediated PPT repression of SAB, as the increase in SAB expression after p53 knockdown was not inhibited by PPT activation of ERα ( Figure  6C ). Therefore, ERα regulates p53 expression, which increases miR34a and leads to repression of SAB. the GalNAc-Sab ASO in vivo depleted SAB in hepatocytes but had no effect on SAB in nonparenchymal cells (Supplemental Figure 7F ). Treatment of female miR34a iΔHep mice with scrambled ASO showed no effect on SAB levels or the enhanced injury response to APAP or GalN/TNF, whereas the GalNAc-Sab ASO markedly decreased hepatocyte SAB expression and prevented enhanced liver injury in the miR34a iΔHep female mice, as seen with the parent Sab ASO (Figure 7D and Supplemental Figure 7 , G and H).
Discussion
The JNK-SAB-ROS activation loop plays a critical role in sustaining JNK activation (9) . Prolonged JNK activation can promote cell death by phosphorylation of transcription factors, which increase expression of BH3 members of the BCL2 family (e.g., PUMA) (25, 48) , or by direct activation of proapoptotic BCL2 family members (e.g., BAX, BID) or inactivation of antiapoptotic proteins (e.g., MCL-1, BCL-X L ) (21) (22) (23) (24) . SAB plays a pivotal role in mediating mitochondrial ROS production (11, 12) , but very little is known about the regulation of SAB expression. We previously reported that Sab knockdown or hepatocyte-specific inducible deletion of Sab markedly protects against liver injury in models in which injury is JNK dependent (10, 11) . Thus far, our understanding of the role of SAB is based on its absence versus its presence. However, it is important to understand whether SAB expression is regulated under certain physiological conditions and whether this influences the susceptibility to and severity of liver injury. We approached this question by examining SAB expression levels in male versus female mice, because it has been reported that females are resistant to APAP toxicity and exhibit lower sustained JNK activation and mitochondrial translocation but show no differences in expression of total JNK compared with males. Therefore, we considered this a potentially informative scenario in which to address the role of SAB expression. In addition, we examined the restoration of SAB expression to different levels in Sab iΔHep mice to examine the relationship of the level of SAB expression and the severity of liver injury. We confirmed the resistance of female mice to APAP injury. However, the females were also resistant to the toxicity of GalN/TNF in vivo, another JNK-dependent acute liver injury model, which is independent of drug metabolism and GSH status. In addition, cultured PMHs from female mice were resistant to apoptotic cell death from tunicamycin and palmitic acid. These findings strengthened the hypothesis that there might be a difference in basal mitochondrial SAB expression contributing to the resistance of female mice to liver injury compared with male mice. SAB is the binding target and substrate of p-JNK (49) . In support of the possibility that there may be a sex difference in SAB expression, we observed that liver mitochondria from female mice were less susceptible to p-JNK plus ATP-induced inhibition of respiration and enhancement of ROS production. Indeed, SAB protein levels in mitochondria from female mice were less than 20% of the male levels. Importantly, human liver with near-normal histology revealed a similar sex difference in SAB expression. The correlation between resistance to liver injury with low SAB levels led us to address the mechanism and importance of decreased SAB expression in females and to gain new insight into the regulation and importance of SAB.
of p53 knockdown on liver injury in female mice treated with APAP or GalN/TNF. In both injury models, p53 knockdown led to increased injury in both male and female Sab fl/fl controls, which was most striking in female mice and led to toxicity comparable to that seen in male mice ( Figure 6 , D and E). Increased APAP toxicity in female miR34 iΔHep mice was accompanied by enhanced p-JNK at the early time point (Supplemental Figure 6A ). Of note, the enhanced JNK activation after APAP in female miR34 iΔHep mice was accompanied by impaired GSH recovery (Supplemental Figure 6B ), whereas male mice treated with the miR34a-5p mimic (decreased SAB and p-JNK) showed enhanced GSH recovery (Supplemental Figure 6C) . These findings support the conclusion that the difference in GSH recovery is not an intrinsic sex-dependent phenomenon but is secondary to the effect of SAB-JNK and the severity of injury. In addition, the marked resistance of Sab iΔHep male and female mice to APAP and GalN/TNF was not overcome by p53 knockdown (Figure 6 , D and E), indicating that the worsening of liver injury after p53 inhibition in both models and the sex are dependent on SAB expression and not due to an alternative p53-regulated protective mechanism. Expression of miR34a-5p directly determines the severity of acute liver injury. Having established a pathway from ERα to p53 to miR34a-5p to SAB repression, further evidence was required to conclusively link miR34a-5p to protection from liver injury. Therefore, we treated male mice with the Ad-miR34a-5p mimic, which led to increased miR34a-5p levels (Supplemental Figure 7A) and was accompanied by a marked decrease in SAB protein expression to levels that were low but comparable to those in untreated females (Supplemental Figure  7B ). However, Sab mRNA levels were not changed by the Ad-mi-R34a-5p mimic (Supplemental Figure 7C ). Under these conditions, the miR34a-5p mimic was successful in markedly protecting male mice against APAP-and GalN/TNF-induced liver injury (histologic injury and serum ALT) compared with the controls (Supplemental Figure 7D ). In contrast, we compared female miR34a fl/fl mice treated with AAV8-TBG-GFP (control) or AAV8-TBG-Cre. The miR34a iΔHep females exhibited extremely low miR34a levels ( Figure 7A ). Inducible knockout of miR34a led to increased SAB protein levels ( Figure  7B ). Interestingly, miR34a iΔHep mice had increased p53 levels, a finding consistent with previous reports that miR34a represses p53 in HepG2 cell (46) , but increased p53 conferred no protection against liver injury in the miR34a iΔHep mice. As expected, SIRT1 levels were decreased by the miR34a-5p mimic, but we observed no increase in miR34a iΔHep mice ( Figure 7B and Supplemental Figure 7B ). In both APAP-and GalN/TNF-induced injury models, miR34a iΔHep mice exhibited markedly enhanced liver injury (histologic injury and serum ALT) ( Figure 7C ). In fact, the injury in female miR34a fl/fl mice treated with AAV8-TBG-Cre ( Figure 7C ) was comparable to that seen in APAP-or GalN/TNF-treated male controls (Ad-miR-GFP) (Supplemental Figure 7D ). miR34a iΔHep female mice express increased SAB protein but not Sab mRNA (Supplemental Figure 7E ), again consistent with miR34a repression of Sab mRNA translation into protein. Finally, to test whether the derepression of Sab in miR34a iΔHep mice is the mechanism for enhanced liver injury, we knocked down Sab in female miR34a iΔHep mice using GalNAc-Sab ASO compared with GalNAc-scrambled control ASO ( Figure 7D ). The GalNAc derivative increases ASO potency and selectively targets hepatocytes through the asialoglycoprotein receptor (47) . We found that treatment with jci.org Volume 129 Number 12 December 2019
differ from our results in the liver showing no changes in BCL-2 proteins, probably because under basal conditions, SAB overexpression does not activate JNK or c-JUN in vivo in the liver. Having established the relationship between SAB expression and the severity of liver injury in male mice, we then attempted to overexpress SAB in female mice, expecting to demonstrate that overexpression of SAB in females would eliminate the sex difference. However, we observed no increase in either SAB levels or susceptibility to liver injury after administering Ad-SAB. Since the SAB cDNA is derived from SAB mRNA corresponding to the coding region of the SAB gene, a posttranscriptional mechanism for repression of SAB was suspected. Indeed, a miRNA sequence comparison between male and female littermates under basal conditions revealed several miRNAs that were much more highly expressed in female livers. Among these, only miR34a-5p was predicted to target Sab mRNA (at the coding region corresponding to exon 4). When ERα was inhibited by fulvestrant in female mice, the Ad-SAB-mediated expression of SAB was unmasked, and females became sensitized to APAP-and GalN/TNF-induced liver injury. Since the sex difference in SAB protein expression was not accompanied by a difference in Sab mRNA levels, a repression of translation of Sab mRNA was strongly indicated.
miR34a-5p is known to be transcriptionally regulated by p53 (46, 55, 56) . Interestingly, we found that p53 levels were significantly higher in liver tissue of female mice and women compared with that of male mice and men. Furthermore, the ERα agonist increased p53 expression in males and the ERα antagonist decreased p53 in females, confirming that ERα regulates p53, which then increases miR34a-5p expression. We recently reported that p53 had a protective effect against APAP in male mice (45) . We now show that p53 induces the expression of miR34a-5p, which represses SAB and protects against JNK activation and liver injury. Although JNK is known to phosphor-activate p53 (57-59), the repression of SAB inhibits sustained JNK activation and therefore would minimize an effect on p53-induced cell death.
The importance of miR34a-5p was directly confirmed by expression of a mimic in male mice, which led to a resistance to liver injury, and by deletion of the miR34a gene in the liver of female mice, which led to greatly increased susceptibility to liver injury. These effects correlated with the levels of sustained JNK activation. The miR34a iΔHep mice exhibited derepression of SAB and enhanced acute liver injury, which were abrogated by Sab knockdown, leading us to conclude that a major factor in the influence of miR34a on acute APAP-and GalN/TNF-induced liver injury is its effect on SAB protein expression and that SAB is indispensable for APAP and GalN/TNF hepatotoxicity. Though the miR34a-5p mimic decreased SAB protein expression and the knockout of miR34a increased SAB protein expression, neither one changed Sab mRNA levels, which further supports the hypothesis that miR34a inhibits the translation of Sab mRNA rather than causing degradation. Importantly, treatment of miR34a iΔHep mice with GalNAc-Sab-ASO, which caused hepatocyte-specific efficient knockdown of Sab, prevented the enhanced liver injury, conclusively indicating that miR34a exerts its effect on hepatotoxicity through regulation of SAB.
In parallel to the findings in mice, human liver samples showed a similar reciprocal relationship between p53 and SAB, with premenopausal women exhibiting high p53 and low SAB lev-To elucidate the mechanism for SAB repression in females, we assessed the effect of activating ERα in males and inactivating ERα in females. ERα is the major target of estrogens and is expressed at high levels in females. ERα agonist treatment of males lowered SAB expression and ERα antagonist increased SAB expression in females. In males, the activation of ERα was accompanied by resistance to acute liver injury due to APAP or GalN/TNF, whereas the opposite was observed in females treated with an ERα antagonist.
To address the importance of SAB expression levels in determining the severity of liver injury in males as well as sex difference in susceptibility, we first induced overexpression of SAB in WT male mice and Sab iΔHep mice using Ad-SAB cDNA and observed a direct relationship between the level of SAB expression and liver injury due to APAP. Though most research in liver injury models supports a pivotal role of JNK in mediating hepatocellular death, a recent study found that mice with liver-specific embryonic knockout of Jnk1 that were crossed with global Jnk2-knockout mice exhibited increased APAP-induced liver injury, indicating that JNK might be protective (50) . Since this study and ours used different approaches (embryonic versus inducible) to delete Jnk1/2, their findings are not directly comparable. Recently, Zoubek et al. (51) found a hepatocyte-specific protective role of JNK2 in ibuprofen-induced acute liver failure model (worsened with JNK2 knockdown). Therefore, studies of the relative contribution of JNK1 versus JNK2 in the models we have used will be of great interest and are planned for the future. However, the work of Cubero et al. raises an important question relevant to our work on SAB as to whether the unequivocal participation of SAB in liver injury might be due to an alternative JNK-independent mechanism for SAB dependence in acute liver injury. To address this question, we crossed Jnk1 fl/fl and Jnk2 fl/fl mice (C57B6J strain) and injected AAV8-TBG-Cre into 2-month-old double-floxed adult mice to induce combined hepatocyte Jnk1 and 2 deletion in the livers of the adult males. Deletion of both Jnk1 and Jnk2 in these mice caused a striking resistance to APAP but had no effect on SAB expression. We then overexpressed SAB in the Jnk1/2 iΔHep mice but found no restoration of susceptibility to APAP toxicity. These findings confirm that enhanced APAP toxicity after increased SAB expression is JNK dependent. Furthermore, the findings indicated that it is unlikely that a JNK-independent mechanism accounts for the role of SAB in liver injury.
Studies by the Chambers laboratory are also consistent with the importance of the levels of SAB expression in cell injury. Overexpression of SAB sensitized both H9c2 cardiac cells, and HeLa cells to toxicity from drugs such as imatinib and chemotherapy drugs (52, 53) . Furthermore, they demonstrated that in a panel of ovarian cancer cells, the levels of SAB expression correlated with the chemotoxicity: SAB levels correlated with high susceptibility, and overexpression of SAB in a chemoresistant cell line increased sensitivity to the chemotherapy drug (54) . These studies and the present work indicate that the level of mitochondrial SAB dictates the magnitude of JNK activation and signaling under toxic stress. Of note, Paudel et al. (54) found that ovarian cancer cells with high SAB expression were primed for apoptosis, as reflected in decreased prosurvival BCL-2 proteins and increased BH3-only proteins on mitochondria. These findings in cultured cancer cells jci.org Volume 129 Number 12 December 2019 duced apoptosis. In contrast, Sirt1-transgenic mice were found to be protected from APAP toxicity (74) , and induction of Sirt1 knockdown has been shown to worsen APAP toxicity (75) . In addition, treatment with a SIRT1 activator has been shown to have no effect on early injury (6 hours) after APAP but decreases late injury (24 hours), while enhancing mitochondrial biogenesis and liver regeneration. Furthermore, resveratrol, which activates SIRT1, protected against APAP liver injury (76, 77) . Taken together, conflicting evidence exists regarding the role of SIRT1 in acute injury models. However, we observed that basal SIRT1 levels were actually higher in female mouse and human livers and that miR34a iΔHep mice had no change in SIRT1 levels. This argues against an important role of SIRT1 repression in determining the sex difference in acute liver injury models. Therefore, the findings overall support the conclusion that repression of SAB expression by miR34a is the major determinant of resistance to liver injury in female mice. One additional caveat is that GSH recovery is faster in APAP-treated female mice than in male mice. Therefore, the question is whether the faster GSH recovery dampens sustained JNK activation and protects, or whether decreased JNK activation is a consequence of less toxicity in females. We showed that there was no intrinsic sex difference in GSH recovery in response to nontoxic phorone-induced depletion. Furthermore, GCLC, the catalytic subunit of GCL, actually rapidly declined in APAP-treated male mice, possibly because of degradation, even before cell death begins in males, and correlated with sustained JNK activation. In contrast, GCLC protein did not increase or decrease in the female mice. Furthermore, in male mice treated with the miR34a-5p mimic, which decreases SAB protein levels, the recovery of GSH was accelerated, similar to what we observed in WT female mice. Conversely, miR34a deletion in females that expressed increased SAB expression led to an impaired GSH recovery comparable to that seen in WT male mice. Therefore, we conclude that the GSH recovery rate mainly reflects the severity of JNK activation and liver injury and is not the mechanism for sex difference in APAP toxicity.
In conclusion, the level of SAB expression in mitochondria plays a pivotal role in acute liver injury by mediating the extent of sustained activation of JNK. Evaluation of the effect of a graded increase in SAB expression in Sab iΔHep mice has revealed a direct correlation between the level of SAB expression and the extent of liver injury. The interaction of JNK with SAB is required for this effect of SAB, and SAB is required to sustain this activation. Female mice expressed markedly lower levels of SAB, accounting for the resistance to acute injury in different liver injury models. SAB expression was low in females due to an ERα → ↑p53 → ↑miR34a-5p → ↓SAB pathway, in which the translation of Sab mRNA was presumably inhibited by targeting of the coding region by miR34a-5p ( Figure 7E ). In support of the importance of the level of SAB expression as a determinant of liver injury, activation of ERα in male mice increased p53 and miR34a-5p, which repressed SAB expression and protected from liver injury. Conversely, inhibition of ERα in female mice decreased p53 and miR34a-5p levels, which increased SAB expression, overcoming the female resistance to acute liver injury. In future studies, it will be of great interest to examine whether the sex difference seen in hepatic SAB is present in nonhepatic tissues and to identify the role of SAB in extrahepatic organ injury. els and men exhibiting low p53 and high SAB levels. Although this suggests that our findings may be relevant to humans, we could find no conclusive evidence that the decreased susceptibility of female mice to acute liver injury does or does not translate to humans because of a paucity of data comparing the susceptibility of males and females. A study using male and female hepatocytes exposed to different hepatotoxic drugs showed sex differences in certain parameters in high-content imaging in a drug-specific fashion (60) . In the case of APAP, toxicity was greater in pooled hepatocytes in suspension from postmenopausal women and was comparable to that seen in men, consistent with our findings. However, for other drugs, the female hepatocytes were more susceptible. Furthermore, the effects of sex on the metabolism of these drugs was not examined, and overall, the exposures were for very short time periods (up to 6 hours), making the results difficult to compare with those from in vivo studies. In addition, greater female representation in an APAP-induced acute liver failure (ALF) database has been reported, but this may be explained by a sex difference in the incidence of overdose (61, 62) . However, evidence of a sex difference in human liver injury (female resistance) in ischemia/reperfusion injury and α1-antitrypsin deficiency has been reported (63) (64) (65) . Thus, although the reciprocal relationship between p53 and SAB expression levels found in mouse liver is also present in humans, the contexts in which this could be relevant to human susceptibility to liver injury remain to be determined. However, since sustained JNK activation accompanies most acute and chronic liver disease, and since sustained JNK activation depends on the level of SAB expression, the SAB-dependent activation loop represents a potentially relevant therapeutic target to explore.
Lipoapoptosis may be one particularly translatable example. Lipotoxicity is also dependent on sustained JNK activation and SAB expression (13) . We found resistance to palmitic acid toxicity in female versus male PMHs, which may be relevant to the progression of nonalcoholic steatohepatitis (NASH). However, future studies will be needed to determine whether the ERα/p53/mi-R34a-5p/SAB repression pathway contributes to the recently recognized resistance of premenopausal women to NASH (6, (66) (67) (68) (69) (70) . Since premenopausal women exhibit decreased susceptibility to NASH and fibrosis, which is no longer the case in the postmenopausal stage, it is interesting to speculate that the postmenopausal increase in SAB levels may contribute to the pathogenesis of NASH. Furthermore, the postmenopausal increase in SAB levels further supports the role of estrogen in the repression of SAB. In addition, miR34a can be regulated by IRE-1α-dependent decay (RIDD) activation or inactivation, which may play a role in the expression of caspase 2 or SIRT1 (both targets of miR34a), depending on the context during the progression of NASH (71, 72) .
Since miR34a-5p has other targets besides SAB, as noted above, it remains possible that their repression by miR34a-5p also contributes to resistance to acute liver injury. SIRT1 in particular is a potentially relevant target, as it deacetylates and partially inhibits p53. A possible positive feedback effect of increased miR34a to increase p53 expression and to increase p53 activity (acetyl-p53) by repressing SIRT1 expression is plausible. Liver-specific Sirt1 knockout has been reported to protect against LPS-galactosamine toxicity (73) . In addition, in PMHs, Sirt1 deletion, causing increased acetylation and activity of p53, protected against ActD/TNF-injci.org Volume 129 Number 12 December 2019
vectors with the CMV promotor were purified and concentrated using the Vivapure Adeno-PACK (Sartorius Stedim Biotech). Adenoviral titers were determined by infection of the viral vector into HEK293 cells (Invitrogen, Thermo Fisher Scientific) and staining of infected cells with adenoviral hexon antiserum (Santa Cruz Biotechnology). Different doses of adenoviral vectors were injected via the tail vein into male mice weighing 20 g, and experiments were performed 10-14 days later. AAV8-TBG-GFP and AAV8-TBG-Cre were purchased from the Penn Vector Core/Addgene. Viral gene copies (GCs) (≥2 × 10 12 ) were injected via the tail vein into mice weighing 20 g or less, and experiments were performed 2 weeks later. For some experiments, AAV8-TBG-Cre and Ad-SAB (0.5 × 10 9 IU) were injected simultaneously. Ad-miR-GFP and the Ad-miR34a-5p mimic were purchased from Applied Biological Materials Inc. and amplified, purified, and concentrated in-house.
In vivo treatment with an ERα agonist and an ERα/β antagonist. Mice received the ERα agonist PPT (5 mg/kg/dose/day) in EtOH/corn oil subcutaneously 5 days per week for 2 weeks. In vivo experiments and PMH isolation were performed on the day following PPT treatment. Mice received the ERα/β antagonist fulvestrant (2 or 5 mg/kg) in EtOH/corn oil subcutaneously (1 dose per week for 3 weeks). Adenoviral vector injection was performed 2-3 days after the first dose of fulvestrant. PPT or fulvestrant was first dissolved in ethanol and diluted in corn oil (1:9 ratio), and the control animals received the vehicle as described previously (80, 81) .
Small RNA sequence analysis. Liver tissue from 12-week-old chowfed C57BL/6N male and female littermates was snap-frozen in RNAlater RNA Stabilizing Solution (Thermo Fisher Scientific). miRNA was isolated using a QIAGEN miRNA Extraction Kit, and a miRNA library was generated using the QIAseq miRNA Library Kit (QIA-GEN). Next-generation sequencing was performed using the Illumina 1x75HT 30 GB. Mature miRNA-Seq analysis was performed on 3 independent libraries prepared from normal liver from 3 individual male and female C57BL/6N littermates. miRNA-Seq data were analyzed using Partek Flow, version 5 (Partek Inc.). Raw sequencing reads were first trimmed for adapters and then for the quality score (base positions with a Phred score <20 were trimmed from both ends, and trimmed reads shorter than 15 nt were excluded from downstream analyses). Trimmed reads were mapped to the mouse genome mm10 using Bowtie (seed mismatch limit 1 and seed length 10). Aligned reads were then quantified to miRBase mature miRNAs v21 using the Partek E/M method. Finally, miRNAs with 5 raw read counts in at least 1 sample were normalized using upper-quartile normalization (82) with offset 1 and analyzed for differential expression using the Partek gene-specific analysis method. The differentially expressed miRNA lists (Gene Expression Omnibus [GEO] accession number GSE135299) were generated for each comparison using cutoffs of a FDR of less than 0.05 and fold changes of greater than 1.5 in either direction. The P values were calculated on the basis of a Student's t test of the replicate-normalized miRNA expression values for each miRNA in the female versus male groups. P values of less than 0.05 indicate a significant change.
Statistics. A minimum of 3 biological replicates were analyzed for all studies. Data are expressed as the mean ± SD or SEM. Statistical analyses were performed using the unpaired or paired, 2-tailed Student's t test. Multivariate data were analyzed by 1-way ANOVA with Bonferroni's correction. A P value of less than 0.05 was statistically significant.
Methods
Further information can be found in the Supplemental Methods, available online with this article.
Mice. Male and female C57BL/6NHsd mice (6-8 weeks of age) were purchased from Envigo and bred to obtain littermates. Ten-to twelve-week-old cage littermates were used for experiments. Jnk1 fl/fl and Jnk2 fl/fl (C57BL/6J strain) mice were generated by Roger Davis (University of Massachusetts Medical School, Worcester, Massachusetts, USA), as described previously (6) . Jnk1 fl/fl and Jnk2 fl/fl mice were crossbred to obtain Jnk1/2 fl/fl littermates. Sab fl/fl mice (C57BL/6N-Hsd strain) were generated as described previously (11) . Sab fl/fl mice were crossbred with Alb-Cre ERT2 mice (Alb tm1(cre/ERT2)Mtz ), provided by Pierre Chambon (Institut de Genetique et de Biologie Moleculaire et Cellulaire, Strasbourg, France) to generate tamoxifen-inducible hepatocyte-specific Sab-knockout mice (Sab iΔHep ) (11) . Mice were crossbred with Sab fl/fl mice for more than 20 generations. miR34a f/+ and miR34a +/+ littermate mice were purchased from The Jackson laboratory and bred to obtain miR34a fl/fl mice (C57BL/6J strain). Inducible hepatocyte-specific knockout Jnk1/2 iΔHep or miR34a iΔHep mice were obtained by tail-vein injection of AAV8-TBG-Cre (purchased from the University of Pennsylvania) into Jnk1/2 fl/fl and miR34a fl/fl mice, respectively. All experiments were performed using cage littermates. In all experiments, the substrain background of the mice was carefully controlled.
Human liver tissue biopsy samples. Human liver tissue biopsy samples were obtained from the Duke University Health Systems (DUHS) Nonalcoholic Fatty Liver Disease (NAFLD)Clinical Database, which was established in 2007 and is a prospective, open-enrollment, well-annotated clinical database of patients who underwent clinical and histological evaluations of the suspected diagnosis of NAFLD. Details of the DUHS NAFLD clinical database are described in a previous publication (78) . The database is also linked to tissue repositories in which biosamples (e.g., blood, liver tissues) were collected at the time of the percutaneous liver biopsies or intraoperative needle liver biopsies in cases in which the patient underwent bariatric surgery.
Cases with normal or minimal nonspecific histologic changes were identified in the database. Individuals with a diagnosis of diabetes mellitus, as well as those who had undergone bariatric surgery or liver transplantation, were excluded from the case selection. Menopausal status was defined as a natural cessation of menstruation (no menstruation for more than 12 months) or a history of bilateral oophorectomy, using self-reported information collected via a standardized research questionnaire as a part of the DUHS NAFLD Clinical Database study. The menopause status was then confirmed by serum FSH. Cases involving women with a history of oral contraceptive use or hormone replacement therapy were excluded. After the exclusion, 5 premenopausal women, 3 postmenopausal women, and 8 age-and BMI-matched men were randomly selected. Age and BMI differences for female-male pairs were 2.6 ± 1.9 (range: 0-6 years) and 2.6 ± 1.4 km/m 2 (range: 0.36-4.49 km/m 2 ). Statistical analysis of SAB expression of female-male pairs was performed using a paired, 2-tailed Student's t test. A P value of less than 0.05 was considered statistically significant.
AAV and adenoviral vectors. Ad-lacZ and Ad-SAB were generated using the ViraPower Adenoviral Gateway Expression Kit (Invitrogen, Thermo Fisher Scientific) as described previously (10, 79) . Adenoviral
